RNAi is a powerful method for generating loss of function mutants, especially for targeting genes belonging to large gene families. We have recently shown that RNAi functions in the moss Physcomitrella patens. We obtained stable lines that show constitutive silencing of a nuclearly localized GFP:GUS fusion protein (NLS:GFP:GUS).
Introduction
RNA silencing is a highly conserved system that plants, animals and fungi use to regulate gene expression. In plants there are three natural pathways for RNA silencing, cytoplasmic small interfering RNA (siRNA) silencing which is most likely a defense mechanism against plant viruses, silencing of endogenous messages by microRNA (miRNA) genes, and DNA methylation leading to silencing of transcription (Baulcombe, 2004) . In the first two pathways siRNAs are produced from double stranded RNAs (dsRNAs), either in a viral replication intermediate or within the miRNA transcript, and silencing occurs post transcriptionally. Investigators in many systems have co-opted these pathways to suppress the expression of genes of interest by introducing dsRNAs into the cell (Sharp, 2001; Hannon, 2002; Tijsterman et al., 2002) . This kind of RNA silencing is known as RNA interference (RNAi) and post-transcriptional gene silencing (PTGS).
For producing loss of function phenotypes, RNAi has several advantages over traditional gene disruption studies. The siRNAs, which are used to search for the target mRNA, are characteristically 21-26 bp in length. This property leads to two distinct possibilities. RNAi can be highly gene specific because a unique region of sequence can be used to target the mRNA, for example untranslated regions. Or in contrast as long as the target mRNA has ~90% identity, the mRNA will be silenced allowing for silencing of multiple genes with high sequence identity, for example members of a gene family.
Additionally, only small regions of cDNA sequence information are needed to produce the silencing effect. Using RNAi it may be possible to analyze the function of an essential gene since the levels of silencing of a gene can vary. And finally if the dsRNA is produced in an inducible fashion, then RNAi can be used to create conditional loss of function mutants.
We have recently demonstrated that Physcomitrella patens (Physcomitrella) performs RNAi (Bezanilla et al., 2003) . Physcomitrella is an excellent plant model system. It has a simple life cycle with a predominately haploid gametophytic stage. The haploid cell types are very simple and grow as either filaments (protonema) or sheets (gametophores) of single cells. These simple tissues make cell biological and lineage studies highly accessible.
Here we develop a system to screen for loss of function phenotypes in Physcomitrella. Upon silencing a target gene product, we find that the target mRNA levels are not necessarily reduced. Our system bypasses the need to analyze transcript levels by using a GFP:GUS reporter for active silencing. Fusion of a target gene to either GFP or GUS in a hairpin loop RNAi construct allows for simultaneous silencing of GFP:GUS and the target gene. We have constructed three series of vectors and tested them for their stability and efficiency of silencing. These vectors allow for rapid cloning of desired target genes. Using a test case where the loss of function phenotype is known, we find that our silencing reporter accurately identifies silenced lines for the target gene.
Together with increasing genomic resources in Physcomitrella and homologous recombination, RNAi provides a powerful tool kit for the study of plant gene function.
Materials and Methods

Protein Assays
The level of NLS:GFP:GUS fusion was assayed with two different methods. We measured the nuclear GFP fluorescence in a Leica Confocal System TCS2 (Leica Microsystems, Heidelberg, Germany). This system imaged GFP using an argon laser (488 nm excitation) and the photo multiplier tube (PMT) detected emission from 490 nm to 502 nm for the GFP signal. The gain for the PMT was identical for all images. The GFP intensity in the nucleus was measured using ImageJ 1.29X
(http://rsb.info.nih.gov/ij/). To measure GUS activity, we made protein extracts from moss tissue. We ground tissue frozen in liquid nitrogen in Grinding Buffer (100 mM NaPO 4 , pH 7.0, 5 mM DTT, 20 µg/ml leupeptin, and 20 % (v/v) glycerol) in an eppendorf tube with small pestles. We assayed the protein concentration of each extract using the Bradford reagent from Biorad. We used 50 µl of extract in 200 µl of GUS assay buffer (50 mM NaPO 4 , pH 7.0, 10 mM EDTA, 10 mM DTT, 20 µg/ml leupeptin, 20 % (v/v) Methanol, 0.02 % Sodium Azide) to assay GUS activity with the fluorescent 4-methylumbelliferyl β-D-glucuronide substrate (MUG) included in the assay buffer at 2.5 mM (Jefferson et al., 1987) . Samples were incubated overnight at 37°C. Activity was recorded as arbitrary fluorescent units and normalized for each sample by the protein concentration of the extract.
Northern Blot Analysis
Total RNA was extracted from moss tissue using the RNeasy Plant Mini Kit (Qiagen) following the manufacturer's recommendations. 10 µg of total RNA was separated on a 0.8% formaldehyde agarose gel and subsequently transferred to a nylon membrane. We used a Digoxigenin-labeled sGFP probe, (probe contains the full-length coding sequence of sGFP, Accession # AY488511). Hybridization and detection was done according to the manufacturer's recommendations (Roche Diagnostics).
DNA Constructs
The backbone vector for all constructs in Figure 2A and B is pMHUbi, a modified pMBL5 vector (Bezanilla et al., 2003) that has the maize ubiquitin promoter and a NOS terminator on either side of the polylinker defined by Sac I to Kpn I sites. In addition the selection cassette has the Cauliflower mosaic virus (CaMV) 35S promoter and the hpt II (Accession # AF234312) gene followed by the CaMV 35S terminator.
To make pUFi we performed multiple steps as outlined below. We amplified a fragment of sGFP (85 bp -477 bp) (Accession # AY488511) with flanking BstX I sites.
After digestion with BstX I, this fragment was ligated to pMHUbi. Clones were sequenced and selected for the proper orientation of the BstX I fragment such that the 5' end of the GFP sequence was adjacent to the 3' end of the ubiquitin promoter, creating pUF. This clone had two inserts of the GFP in tandem. Next we amplified the same fragment of sGFP incorporating a Kpn I site into the 5' primer and a Hind III primer into the 3' primer. After digestion with Kpn I and Hind III, we ligated the GFP fragment to pUGFP. Since Kpn I is on the 3' side of Hind III, the resulting clone has GFP in inverted repeats and was named pUFICF. To add a loop region between the repeats of GFP we amplified a fragment of GUS (1018 bp -1371 bp) (Accession # M14641) incorporating a SnaB I site into the 5' primer and Avr II and Pac I sites into the 3' primer. These sites were used in subsequent steps to add the Gateway® cassettes. The GUS fragment was cloned into pGEM ® T-easy (Promega) and subsequently released by digestion with Not I, sites in the pGEM ® T-easy polylinker. This fragment was ligated to pUFICF digested with Not I. The clone selected had the SnaB I site adjacent to the tandem GFP fragments and was named pUFi.
To make pUFGi, we amplified the Gateway® cassette from the Gateway® reading frame cassette A (Gateway® Vector Conversion System, Invitrogen). We incorporated restriction sites into the primers as follows: the 5' primer had Avr II 5' to SnaB I and the 3' primer had Pac I 5' to SnaB I. The Gateway® fragment was ligated to pUFi after digestion with SnaB I. Resulting clones were screened for proper orientation of the Gateway® cassette, such that the 5' end of the Gateway® cassette is adjacent to the 5' end of the Loop, creating pUFi-Gateway®. Next the Gateway® fragment was ligated to pUFi-Gateway® after digestion with Avr II and Pac I, creating pUFGi.
To make pUGi, we amplified a fragment of GUS (600 bp -1000 bp) (Accession # M14641) with Sac I and SnaB I sites incorporated into the 5' and 3' primers respectively. This fragment was ligated to pUFi after digestion with Sac I and SnaB I, creating pUGusLoopGFP. The same GUS fragment was amplified with Kpn I and Hind III sites incorporated into the 5' and 3' primers respectively. The fragment was ligated to pUGusLoopGFP after digestion with Kpn I and Hind III, creating pUGi. The Gateway® cassettes were added as described above for pUFGi, except using pUGi as the starting vector.
To make pTUGi and pTUGGi, we first made a vector containing the Pp108 targeting sequence (Schaefer and Zrÿd, 1997) . We started with a pGEM ® T-easy vector containing the Aph [IV] resistance cassette, which confers resistance to hygromycin, between LOX sites, pLOXAph [IV] . We amplified the 3' Pp108 fragment (1430 bp -incorporated into the 5' and 3' primers, respectively. After digestion with Nsi I and Sal I the fragment was ligated to pLOXAph[IV] creating p3'108. Next we amplified the 5' Pp108 fragment (111 bp -1402 of Pp108 genomic clone (Schaefer and Zrÿd, 1997)) with Apa I and Swa I sites incorporated into the 5' and 3' primers, respectively. This fragment was cloned into pGEM ® T-easy. The fragment was released with an Apa I digest and ligated to p3'108 digested with Apa I. Clones were screened for proper orientation such that the incorporated Swa I site was at the 3' end of the construct, creating p108. We added the maize ubiquitin promoter and NOS terminator by amplifying this from pMHUbi flanked with Hpa I sites. Digestion with Hpa I produced a blunt fragment that was ligated to p108 digested with Sal I and blunted with Klenow, creating p108Ubi-Nos.
The final targeting vectors pTUGi and pTUGGi were constructed by removing the RNAi cassette by digestion with Sac I and Kpn I from pUGi and pUGGi, respectively. These fragments were treated with Klenow to create blunt fragments and ligated to p108Ubi-Nos digested with Hind III followed by blunting with Klenow, creating pTUGi and pTUGGi.
To construct pTEMFi, we amplified the EM and NOS terminator from pMHEM with flanking Hpa I sites. pMHEM is a variant of pMHubi where the maize ubiquitin promoter was replaced with the wheat EM promoter (Marcotte et al., 1989) . After digestion with Hpa I the fragment was ligated into p108 digested with Sal I and blunted creating p108EM-Nos. Then we removed the RNAi cassette from pUFi by a Sac I/Kpn I digest that was subsequently blunted. This fragment was ligated to p108EM-Nos digested with BstX I and blunted, creating pTEMFi.
To construct pUFFtsZi, we amplified a fragment of the FtsZ2-1 gene (248 bp -771 bp) (Accession # AJ001586) incorporating a CACC sequence into the 5' primer. This fragment was cloned into pENTR TM /D-Topo ® following the manufacturer's instructions, creating pFtsZ-ENT. We performed the LR clonase TM (Invitrogen) reaction with pFtsZ-ENT and pUFGi following the manufacturer's protocol, creating pUFFtsZi.
Moss Transformation
Transformation of moss protoplasts and isolation of transgenic moss lines was carried out as described (Schaefer et al., 1991) . For transient analysis we maintained the regenerating protoplasts on selection. To verify that the transformed lines were stable, colonies were blended and plated onto two plates containing cellophanes and nonselection media. After at least one week of growth, one cellophane was transferred to media containing hygromycin. The line was considered stable if both the plate without selection and the plate with selection grew equally well.
Microscopy
Images were acquired on an Olympus dissecting microscope equipped with fluorescence illumination and a filter suitable for viewing GFP fluorescence. We used a SPOT RT Slider (Diagnostics Instruments, inc., Sterling Heights, MI) camera and images were processed with ImageJ and Adobe Photoshop software.
Results and Discussion
To determine whether stably silenced lines in Physcomitrella have reduced RNA levels as predicted by the mechanism of RNAi, we analyzed the protein and RNA levels in two previously isolated stable silenced lines (Bezanilla et al., 2003) . These lines silence a nuclearly localized GFP:GUS (NLS:GFP:GUS) fusion protein using an RNAi construct containing inverted repeats of GUS cDNA sequence. Since our silenced target gene is a fusion containing both GFP and GUS, we were able to determine protein levels by analyzing GUS enzymatic activity and GFP fluorescence. GUS-RNAi-1 line has at least a 30-fold reduction of both GFP and GUS, whereas GUS-RNAi-2 line has approximately a two-fold reduction ( Figure 1A ). We performed a northern blot to determine the level of NLS:GFP:GUS transcript in each line as compared to wild type and the untransformed line, NLS-4 ( Figure 1B ). As expected wild type has no transcript.
Also, GUS-RNAi-1 line has no detectable transcript, reflecting the very small amount of protein activity measured. However, GUS-RNAi-2 line had the same amount of transcript as the control, NLS-4. We would have expected a two-fold reduction in the transcript level. These results were also consistent with RT-PCR analyses (data not shown). Thus, transcript levels are not necessarily correlated with silencing of the gene product in moss.
To analyze the function of genes using RNAi in Physcomitrella, it is very important to have an assay for active silencing. Since the transcript level of the target gene is not consistent with silencing of the gene product, we decided to use NLS:GFP:GUS expressed in the NLS-4 line as a reporter for active silencing. NLS-4 is a stable line that was isolated after transformation with a plasmid containing NLS:GFP:GUS and neomycin resistance cassettes. NLS-4 was selected for its uniform expression of NLS:GFP:GUS. NLS-4 growth and morphology are indistinguishable from wild type, indicating that the introduced transgene has no phenotypic consequences and that the site of integration is a non-essential locus. Southern blot analysis shows that NLS-4 contains less than three copies of the introduced plasmid inserted at a single unknown genomic locus in Physcomitrella (data not shown).
To perform RNAi in the NLS-4 line, we constructed a series of RNAi vectors (Figure 2 ). These vectors are designed to express hairpin loop RNAs in the cell to initiate the RNAi pathway. To silence NLS:GFP:GUS and a target gene, these constructs contain inverted repeats of GFP or GUS fused to the target gene cDNA. Therefore the dsRNA in the cell has regions of both the target gene and GFP or GUS.
Physcomitrella RNAi Vectors
We constructed two series of vectors. One series has GFP in the inverted repeats ( Figure 2A ) and the other has GUS ( Figure 2B ). Expression of the RNAi cassette is driven by a strong constitutive promoter, the maize ubiquitin promoter, except for vector in Figure 2D described below. Additionally we designed the vectors to contain only 400 bp of the GFP or GUS sequence in each side of the inverted repeats, to reduce the chances of the RNAi construct integrating into the NLS:GFP:GUS locus by homologous recombination. To facilitate creating RNAi constructs to a specific target gene, we introduced on either side of the loop region inverted repeats of the Gateway® cassette (Invitrogen). This allows one to make RNAi constructs in a single step using the LR clonase TM in vitro recombination reaction (Invitrogen).
We also constructed a set of vectors that target a genomic locus in the moss by homologous recombination producing no phenotypic consequences (Schaefer and Zrÿd, 1997). We placed the RNAi and the antibiotic selection cassettes between two regions of moss genomic DNA ( Figure 2C ). Addition of these targeting sequences should significantly increase the rate of stable transformation, since Physcomitrella integrate transformed DNA by homologous recombination 100 times more efficiently than by nonhomologous integration. In Figure 2D we include a targeting vector designed to have inducible expression of the RNAi cassette. We used the wheat EM promoter (Marcotte et al., 1989) instead of the ubiquitin promoter to drive expression of the GFP inverted repeats. The wheat EM promoter is dramatically upregulated in the presence of the plant hormone abscisic acid (ABA) or upon stress.
Transient Analysis of Silencing
Silencing of GFP can be seen as early as 24 hours after transformation. To assess the efficiency of the different RNAi constructs, we counted the number of colonies that had silenced GFP 12 days after the transformation (6 days after antibiotic selection). At this stage only colonies containing the plasmid should continue to grow. RNAi constructs containing only GFP or GUS sequences in the inverted repeats were very efficient at silencing ( Figure 3A) . We observed that protoplast transformation is a condition that strongly activates the EM promoter since the efficiency of silencing is as good, or better than constructs driven by the ubiquitin promoter ( Figure 3A , pTEMFi). The pUFFtsZi construct, which contains 400 bp of FtsZ2-1 sequence in the inverted repeats fused to GFP, reduced the number of GFP silenced colonies significantly ( Figure 3A , pUFFtsZi).
However, even though we observed this reduction, 100% of pUFFtsZi colonies that had silenced GFP also had altered chloroplast morphology phenocopying the FtsZ2-1 null phenotype (Strepp et al., 1998) . The FtsZ2-1 phenotype can be seen as early as three days after transformation and is evident after one week. In regenerating protoplasts transformed with the control plasmid, pUFi, there were wild type numbers of chloroplasts per cell ( Figure 3B ). In pUFFtsZi transformed regenerating protoplasts, the original transformed protoplasts retained wild type chloroplast numbers. However the daughter cells had larger elongated chloroplasts and the youngest tip cells generally contained one large chloroplast per cell ( Figure 3B ).
Fewer numbers of GFP silenced colonies for pUFFtsZi transformants may arise since the dsRNA region in the pUFFtsZi construct contains GFP sequence fused to FtsZ2-1 sequences. Thus fewer siRNAs may be produced from the GFP region to target the NLS:GFP:GUS transcript. Even though we had fewer numbers of GFP silenced colonies, we were able to observe FtsZ2-1 phenotypes in colonies that still expressed GFP. In fact, most colonies that survived antibiotic selection with GFP levels that were not altered dramatically had some degree of FtsZ2-1 phenotype. This may be explained by differential protein turnover. That is, if GFP protein is more stable than FtsZ2-1 protein, then silencing of FtsZ2-1 will be observed more readily. Thus the stability of the target gene product is very important for determining the penetrance of silencing.
Silencing resulting from transformation with the GFP series of vectors was stable for approximately four weeks after transformation under constant selection (Figure 4 ).
The GFP series has a duplication of the first GFP (Figure 2A ). This duplication does not affect the strength of silencing early on after transformation since the efficiency of silencing with the GFP constructs is the same as the GUS constructs that do not have this duplication ( Figure 3A ). However antibiotic resistant colonies begin to lose silencing of GFP four weeks after transformation with the GFP silencing vector (pUFi). Some colonies start expressing GFP in regions of the colony and others lose silencing throughout the entire colony. Approximately 30-50% of the colonies are completely silenced.
As shown in Figure 4 , in week four a fully silenced colony is typically surrounded by neighboring colonies that have significantly reduced silencing. We presume this instability may result from the duplicated GFP, since the GUS constructs do not have the same instability. Six weeks after transformation, 70% of resistant colonies containing the GUS construct pUGi, are still silenced in contrast to less than 5% for pUFi. The instability may result from the fact that the duplicated GFP could be a larger target for homologous recombination and subsequent rearrangements of the RNAi construct could destroy the RNAi cassette. Therefore for creation of stable lines, we generated the targeting vectors in Figure 2C with the GUS inverted repeats to avoid the instability present in the GFP vectors.
Isolation of Stably Transformed RNAi Lines
The incorporation of targeting sequence in the RNAi vectors described here allowed isolation of stable lines. This is in contrast to the constructs lacking targeting information ( Figure 2A&B ), for which we were unable to isolate stable lines even at the predicted rates for non-homologous integration. It is possible that the inverted repeat sequences of GFP or GUS in the RNAi cassette are especially unstable in moss due to its high propensity to undergo mitotic homologous recombination. However the addition of moss genomic sequence may bypass the instability of the inverted repeats.
Using the inducible EM promoter construct pTEMFi, which contains targeting sequence we isolated stable lines. Transiently EM is active due to stress conditions from the transformation procedure. However in the pTEMFi stable lines, the EM promoter was no longer active since the isolated lines had similar levels of NLS:GFP:GUS expression as NLS-4. Upon addition of 10 µM ABA, we were able to induce silencing within 24 hours (data not shown), indicating that stable inducible RNAi lines can be obtained.
Stable RNAi lines that contain inverted repeats of GFP, such as pTEMFi, could pose a problem for future studies using GFP fusion proteins, since the GFP will be silenced by the integrated RNAi construct. To remove any interaction between the inserted silencing construct and a GFP-tagged protein, our targeting vectors in Figure 2C use GUS in the inverted repeats to silence NLS:GFP:GUS, instead of GFP. These vectors allow for isolation of stable RNAi lines that can be subsequently transformed with GFP fusion constructs for localization studies.
Conclusions
We developed a rapid method to study plant gene function in the moss Physcomitrella. In this method, we designed RNAi constructs to express dsRNA with a fusion of a reporter gene to a target gene of interest. By expressing these dsRNAs in a stable moss line that expresses the reporter gene, one can easily screen for loss of function phenotypes of the target gene, by following silencing of the reporter. This method is rapid and phenotypes can be seen as early as 24 hours and as long as four weeks after transformation. We show that for the test case target gene, FtsZ2-1, we are able to see a null-like phenotype in 100% of the colonies showing silencing of the reporter. This adds an essential tool for the study of plant gene function in moss.
Together with the simple morphology and developmental pattern, homologous recombination that allows one to perform targeted gene replacement studies, increasing genomic resources such as a large public EST collection with 22,000 contigs (Nishiyama et al., 2003) and a genome sequencing project, and RNAi as described here, 
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